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ACCELERATION OF CHARGED PARTICLES
BY INTENSE ELECTRON BEAMStt
GEROLD YONAS
Sand~a Laboratories, Albuquerque, New Mexico 87115, USA
Several groups ha~e observed that. energetic ions are accelerated in the direction of the electron flow in vacuum
~~d pl~malfilled dIodes, as well as In ele~tron beams propagating in low pressure neutral gases. Ion energies many
Imes e e ectro~ energy and acceleratIng fields of 1 MV/cm have been measured. In all of these exeriments~aCkgr~undgas IOns a~e accelerated ~t the sa~e time that the electron beam self pinches. Several m~e1s hav~
een ~ vanced to e~plaln t.he acceleratIon of an Ion bunch in such high intensity electron beams. The results of the
expenlm
l
e~ts are revle~ed I~ terms of co?erent and collective acceleration models, with particular emphasis placed
on co ectIve acceleratIon In a propagatIng potential well.
1. INTRODUCTION
The two distinct types of collective ion accelera-
tion being considered at this symposium differ
greatly, not only in the details of the mechanism
producing the requisite electron concentration, but
also in the manner the subject is being pursued. In
the case of the electron ring accelerator (ERA),
several rather comprehensive analyses were carried
out prior to detailed design of the experimental
hardware. Only then, were extensi~e experimental
programs begun. Even with this extensive analyti-
cal preparation, several surprises still have occurred
as evidenced by the ring stability problems ex-
perienced by the Berkeley group. Ion acceleration
using linear electron beams, on the other hand has
been characterized from the very beginnin~ by
surprises. This is undoubtedly because there has
been no comprehensive program,to study the basic
principles of this acceleration technique. Virtually
all of the results obtained thus far have come as
unpredicted observations from experiments oriented
toward understanding complex beam-plasma phe-
nomena.
This, in itself, represents a turn of events com-
pared to what might have been expected almost
20 years ago when Veksler created much of the
original interest in the use of linear beams for
coherent and collective acceleration. 1 At that
time, he suggested that coherent acceleration of a
t Th~s ~ork was supported by the U.S. Atomic Energy
CommIssIon.
t Invited paper presented at the Symposium on Collective
Methods of Acceleration, Dubna, USSR, September 1972.
cluster of ions by inverse Cherenkov drag from a
linearly propagating stream of electrons could
provide accelerating fields of many megavolts per
centimeter. The major problem associated with
accomplishing this kind of acceleration was that
the required intense electron beams did not exist at
that time. Although Veksler's early proposal
resulted in an effort which has continued here at
Dubna in the form of ~RA, there have apparently
been no extensive programs oriented toward
applying either Veksler's original coherent accelera-
tion suggestion or any of the other linear collective
approaches which were discussed in a review
article by Rabinovich. 2
One of the most intriguing concepts discussed in
the review paper by Rabinovich was an idea
credited to L. V. Kovrizhnyk. He suggested the
application of traveling localized constriction in a
propagating electron beam to create a potential
well. The beam concentration would be caused by
an accelerating magnetic mirror field which would
be externally driven to achieve a balance between
the well acceleration and the Coulomb field between
the electron concentration and the ion bunch
lagging behind. Although he presented no
suggestion as to a method of providing this
accelerating magnetic constriction, it was pointed
out that fields of 1.0 MV/cm could be achieved
with a 50 kA, 1 MeV beam. Rabinovich did not
discuss the experimental results of Plyutto and his
colleagues who had already accomplished what was
probably the first successful demonstration of
collective acceleration. 3 ,4 These results as well as
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other examples of collective acceleration, will be
reviewed in the next section. As we shall suggest,
the acceleration process could have been a result
of a traveling constriction similar to that suggested
by Kovrizhnyk, except that it was created naturally
through an instability in the beam envelope.
2. EXPERIMENTAL OBSERVATIONS
Without specifically addressing the problem of
collective acceleration, the first reported observa-
tion of ions accelerated in an electron beam was
made by Plyutto in 1961.3 The essential feature
of his experiments involved the extraction of an
electron beam and an ion bunch from a plasma
filled diode. In 1967, he reported observing proton
energies as high as 4-5 MeV from a 200-300 kV
discharge,4 and a more detailed exposition of the
earliest work appeared in 1969.5
One of the recent and most comprehensive
studies of ion acceleration in plasma filled diodes
was reported by Mkheidze, Plyutto and Korop6,7
(M-P-K). They emphasized the relation between the
temporal and spatial behavior of the ion accelera-
tion mechanism and the electrical characteristics
of the plasma filled discharge. Their apparatus
(Fig. 1) consisted basically of a plasma source,
provided by a spark discharge, which injected a
plasma into an accelerating gap. They provided an
aperture in the accelerating electrode so that the
beam could propagate in a field free vacuum
region, providing further ion acceleration. They
discovered that ions were accelerated when the
diode impedance suddenly increased during a time
of a few nanoseconds within a much more slowly
rising current pulse. The resulting current decrease
and inductive voltage spike apparently occurred
only when a critical ratio of the beam electron
density to plasma density was reached. (Un-
fortunately this ratio was not defined.) They also
found that the higher the background gas density
the weaker the impedance change and voltage
increase. At the time of the rapid current decrease,
an intense electron beam was accelerated in the
direction of the' applied field, but with a peak
energy of three times the applied voltage. Simul-
taneously, an ion pulse, with peak energy as much
as 60 times the applied voltage, was extracted from
the vacuum region. Although the ion spectrum was
nonreproducible from shot to shot, there was a
distinct upper energy cutoff in the energy, and the
ions from a single pulse tended to be monoenergetic
(20 per cent spread). At the time of the rapid
decrease in the total current, the current density on
axis increased to greater than' 10 kAJcm2 in.a time of
4 nsec. If this intense beam was allowed to pass
through a hole in the accelerating electrode into the
vacuum region, then the ions received roughly
twice as high an energy as was the case when the
electron beam stopped and only ions were extracted.
The energetic electron beam extracted from the




























FIG. 1. SchematIc of plasma diode apparatus (J. P. Mkheidze, A. A. Plyutto, and E. o. Korop).
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FIG. 2. Proton time of arrival (S. Graybill and J. Uglum).
10 nsec, and propagated through the vacuum
chamber with a beam perturbation velocity which
was equal to the ion velocity. This velocity was
detected by the radial spray of electrons reaching
detectors outside the beam channel. In the plasma
filled diode, energies of 0.3-0.6 MeV wefe reached
within a 1.0 cm acceleration distance.
Without realizing that such work had been under
way in the USSR, Graybill and Uglum (G-U)
discovered that when an intense pulsed electron
beam (1.5 MeV, 40 kA, 25 nsec risetime) was
injected into a low pressure gas, ionization and
acceleration of the background gas atoms occurred.S
Using ion time of flight, detected with current
collectors, and total ion yield based on neutron
production, G-U concluded that up to 1013 protons
could be accelerated reproducibly in a fairly mono-
energetic and spatially compact bunch to energies
of 5 MeV. They showed that the process could be
extended to deuterium, helium, and nitrogen with
ion energies proportional to the accelerated ion
charge state; they also found that the ion energy
was independent of background gas pressure and
proportional to the square of the beam current.
The yield, however, was very dependent on pressure;
in deuterium, for instance, there was a very sharp
maximum in the ion yield at pressures of 200 /l,
which then fell off to a negligible yield at 300 /l.
They were able to correct the arrival time of the
ions at the current collector for the time of flight,
and found that the ions were accelerated at the
instant in the beam pulse that sufficient collisional
ionization of the background gas had taken place
to achieve radial force neutralization (Fig. 2).
Since the beam parameters (v(y-1)-1 < l)t
indicate that the beam could penetrate its own
space charge potential barrier prior to radial force
neutralization, it is not surprising that the beam
front was able to propagate to the end of the drift
chamber long before the ion acceleration process
occurred. By varying the length of this chamber,
G-U determined that the ions were accelerated over
a length of 1'01 30 cm giving an average field of 0.2
MeV/ cm.
Graybill has most recently reconfirmed much of
the original G-U workS with only slight modifica-
tion. 9 ,10 With a slightly higher impedance diode
(1.7 MeV, 30 kA) than that used originally, he
found that although helium and nitrogen energies
showed no pressure dependence, proton and deuter-
on energies increased by almost a factor of two in
the 100-200/l pressure range. For the lowest
pressures at which ion acceleration in each gas was
found, ion energy was proportional to charge and
independent of mass (Fig. 3), but this behaviour
did not extend to the upper pressure cut-off in
deuterium and hydrogen. Graybill also reported
less well-supported data for argon, giving a charge
state of +12 and energies as high as 14 MeV. The
argon currents were only 1-2 A but lasting for
t v=I/17,OOOP (I in amperes); P=v/c.
P.A. A3
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FIG. 3. Charge state dependence of ion energy (S.
Graybill and J. Uglum).
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FIG. 4. Beam leading edge position as a function





In addition to the ion bunch that moved with the
beam front, a second bunch, temporarily separated
from the first, was detected. The pulse separation
decreased with increasing pressure and the intensity
of the first pulse decreased relative to the second as
the pressure increased. Below 0.3 Torr in hydrogen,
the first pulse was an order of magnitude larger
than the second. At pressures between 0.3 and
1.0 Torr, the second pulse dominated. Although
G-U observed no double pulse behavior, this may
have been a result of the shorter pulse duration
accelerator they employed.
One of the most important conclusions of the
PI effort was that the beam (v(y-l)-l > 1)
hovered near the anode for a time roughly equal to
that required to achieve neutralization of the radial
space charge force by the combination of partial
charge neutralization and the inward magnetic
force. After this beam hesitation, the beam front
then propagated at the velocity of the accelerated
protons (Fig. 4). A similar beam hesitation was
noted by Andrews et ale at Cornell University.1s
They observed beam propagation at low pressures
in nitrogen and helium using streak photography,
and reported that the beam head remained close
to the anode, blowing up radially to the tube walls
until the time of initial force neutralization. They
also reported that propagation started simul-
taneously with self focusing, but did not associate
;<. Hydrogen (100 )J)
o Deuterium( 100)J)
6 Helium (150 JJ )
o Nitrogen t 25 )J)














rv 70 nsec compared to the hydrogen currents of
200 A lasting for 3 nsec.
Much of the work of G-U was confirmed and
further studies were conducted at Physics Inter-
national (PI) where the parameters were extended
to peak currents as high as 200 kA.11 - 17 This
work confirmed that, for a given set of beam
parameters, the ion energy scaled with the charge
of the ions independent of their mass, but failed to
show the previously suggested scaling with peak
current. In fact, it was found that the major
effect of reducing the accelerating voltage and
increasing the current was merely to destroy the
reproducibility of the process. With a factor of 5
higher peak current, proton energies less than one
half as great were achieved.
Net current measurements were then carried out
which gave time and spatial dependence of the beam
behavior at three points in the drift region. These
data, along with measurements of ion arrival times
at ion current probes, allowed Rander et ale to
determine that the ion acceleration had occurred
within 10 em of the anode. Current waveforms
within that region showed that the value of the
net beam current, at the location and time of
acceleration, was much less than the peak diode
current and depended on beam kinetic energy as
well as pressure. Lower kinetic energy beams were
more strongly modified by their self fields in the
first few centimeters of drifting, causing lower net
currents. This perturbation of the beam, therefore,
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FIG. 5. Current and voltage characteristics of vacuum diode (E. O. Korop and A. A. Plyutto).
the beam head motion with an ion acceleration
process. Because of limited spatial resolution
in their data, it is difficult to -resolve precisely the
beam front velocity near the anode. As mentioned
above, the PI group was able to identify the ion
acceleration region with that required for the beam
to reach its final velocity. In this way, the accelera-
ting fields were determined to be in the range of
0.2-0.5 MV/cm. These fields are rather similar
to those achieved in the experiments of G-U,
except that G-U observed an acceleration length
three times larger. It is also remarkable, and
perhaps not merely a coincidence, that these fields
agree with those reported by M_P_K.6 ,7
At roughly the same time that this work was
proceeding, Korop and Plyutto (K_P)19 extended
the initial studies of diodes to include vacuum
diodes. Their apparatus included a single point-
plane gap of 1-2 cm, operated at a peak voltage
of 300 kV and with peak currents of 5 kA occurring
in short bursts. These 10-15 nsec current bursts
were superimposed on a slower current risetime of
several hundred nanoseconds (Fig. 5). They
showed that the ions were of cathode origin and
were accelerated at the time of a sharp current
increase followed by a rapid decrease in the diode
current. They also fo~nd that at the time of the
current burst, the beam which had initially diverged
rapidly because of space charge, pinched tightly
onto the axis to current densities of 10 kA/cm2 •
They noted the obvious importance of the cathode
plasma which had probably filled the diode gap at
the time of beam pinching and ion acceleration,
thereby bringing this vacuum diode into a similar
regime with the plasma filled diodes which had been
studied previously.
In their most recent work with a vacuum
diode20 K-P investigated similar phenomena with'
a pointed cathode inside a hemispherical anode,
with the following parameters: 80 kV, 100 A,
10 nsec risetime. With such a short pulse, gap
closure by the plasma would appear to be unlikely;
however, they observed, as with the plasma filled
diodes, a burst of current simultaneously with
distinct pinching of the beam. At this time in the
pulse ions are accelerated, and reach energies of
five times the applied voltage, with fields of
1'./ 0.4 MV/cm.
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Although not obviously within the same range
of operating parameters, another vacuum diode
experiment appears to provide additional relevant
information to this problem. Lie and Elton21
studied the dynamics of vacuum diodes (14 kV,
100 kA, 1800 nsec risetime) with emphasis on the
self-pinch phenomena and ionization of the
cathode plasma in the acceleration gap. They
detected cathode ions (via X-ray line radiation)
inside a localized tight pinch within the anode-
cathode gap. With fast framing photography they
observed that this localized sausage instability
propagated toward the anode at velocities of
approximately 10 cm/J-l sec (Fig. 6). Although not
FIG. 6. Frame photographs of vacuum diode
(T. N. Lie and R. C. Elton).
correlated with ion acceleration, this observation
is the only confirmation that a localized traveling
constriction can exist in a vacuum diode breakdown
plasma.
The preceding discussion has dealt with work
which has been published or has been readily
available in reports. The most recent work
discussed above was completed in 1970 and the
author expects that further work within the USSR
will be reported at this symposium. The only
studies which have taken place in the United States
since then are in only a preliminary form, but
will be reported here for completeness.
Kuswa22 has investigated the effect of a fast
voltage risetime on vaCl:lum breakdown and ion
acceleration in millimeter gap vacuum diodes. He
observed 10 nsec wide current bursts within a
100 kV, 10 kA, 150 nsec pulse occurring at the
time of gap closure (closure velocity of rv 2 cm/
J-lsec). He detected accelerated ions using a
0.1 em gap. The diode and ion energy character-
istics were quite nonreproducible with both single
and multiple current bursts as well as narrow and
broad energy spectra occurring. Ions of various
species were 0 bserved - with energies generally
proportional to charge state and up to Cu+10
detected.
Vacuum diode studies were very recently extended
by Bradley and Kuswa23 who carried out an
experiment similar to that of K_p19 except that
beams of much higher intensity were employed.
Diode characteristics were 2 MeV, 50 kA, 50 nsec
risetime and as in the above discussion, ions were
detected as having been accelerated in the gap in
the direction of electron flow. The cathodes
employed were in the 3-10 mm diameter range,
and were used with an anode-cathode (AK) gap
of from 3-6 mm. The pulser, which is described
in detail elsewhere,24 had been p~eviously operated
with 7.6 em diameter cathodes at a 2.5 cm gap
giving similar output parameters. The lower AK
values were made possible by using a 16 em long
glass rod in the shank of a 20 cm metal cathode
or by using a 30 cm glass rod itself. The only observ-
able effect of the glass rod was the elimination of
the pre-pulse which had previously caused early
gap closure and impedance collapse. Morrow
et al. 25 have reported that such a cathode can have
enhanced beam focusing properties over that for a .
metal rod, but this effect was not observed.
Current densities were not measured precisely,
but appeared to be similar to those reported by
Condit and Pellinen26 who employed similar
small diameter cathodes and AK gaps of 3 mm,
finding current densities as high as 160 kA/cm2.
Bradley and Kuswa used a Thomson parabola
mass spectrometer and neutron time of flight
(using deuterated cathodes and anodes) to deduce
peak ion energies in the 2.0 MeV range. In
addition, a rapid current burst was noted (Fig. 7)
along with a strong pinching of the electron beam
during the more slowly rising wave form (50 nsec
risetime). Streak pictures of the diode showed
rapid diode closure with anode velocities of 2-6 cm/
J-lsec and cathode velocities up to 15 cm/J-lsec.
At roughly the time of gap closure the current
burst was observed, and the neutron time of flight
indicated that ions were accelerated at that time.
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FIG. 7. Current, voltage, and streak photographs of 2.0 MY vacuum diode (L. P. Bradley and G. W. Kuswa).
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Both the current density and accelerating field
appeared to be an order of magnitude higher than
typically reported elsewhere.
Experiments have also recently been started at
Sandia Laboratories to investigate the effects of
variations in beam injection conditions on ion
acceleration in a background gas. 27 These
experiments have been carried out using < 1.0 em
diameter cathodes and < 0.6 em AK gaps giving
the following parameter ranges: 1.5-2.0 MeV,
50-100 kA, 90 nsec pulse duration. Deuteron
energies were determined by detecting their
arrival at a lithium target at the end wall of the
drift chamber through the use of neutron time of
flight. Beam time of flight and net current as a
function of drift chamber position were measured
with a series of nine Rogowski coils yielding a
detailed map of the beam behavior. Although the
results of these experiments as shown in Table I
are rather preliminary, they indicate, as in the PI
work, that the net current at' the location of
acceleration is a dominant parameter, and that the
beam self fields can severely modulate the beam in a
short distance. As a tentative conclusion, these
88 GEROLD YONAS
TABLE I
Peak Peak Current risetime/ Burst pulse Burst current Proton Proton Acceleration Average
voltage current Pulse duration duration density yield Energy length field
kV kA nsec nsec kA/cm2 MeV cm MV/cm Reference
Plasma { 100 1.0 ~1.0 1011 2.0 10 0.2 Plyutto (1960)3-5
filled 200-300 1011-1012 4.0-5.0 PlyuUo (l967)~
diodes 30 2.0 100/500 10.0 10.0 1011-1012 < 1.2 1.0 0.3-0.6 Mkheidze, Plyutto, and
Korop (1971)6,7
300 5 700/1400 10-15 >10.0 2.0 2.0 1.0 Korop and Plyutto19
vacuum{ 60-120 0.1 10/40 15.0 0.4 1.0 0.4 Korop and Plyutto20
diodes 100 10 2/150 10.0 -100.0 >1010 0.1 0.1 1.0 Kuswa22
2000 50 70/90 10.0 >100.0 1011-1012 <2.0 0.6 <4.0 Bradley and Kuswa23
{ 1500 40 25/50 <10.0 <10
13 5.0 30 0.2 Graybill and U glum8
" . 1700 30 25/50 <10.0 ""1012 5-10 30 <0.4 Graybill9, 10
Dnftmg 200-1000 200-100 35/80 <10.0 ""1012 2.0 10 0.3 .Rander, Ecker, andbeams Yonasll- 17
1500-2000 100-50 70/90 ""100.0 1-5 <6.0 ~1.0 Yonas, Kuswa, and
Bradley27
experiments also indicate that the effective beam
injection angle can playa vital role in determining
the acceleration length. Experiments including
spectral and temporal resolution of the accelerated
ions, will be carried out with emphasis on utilizing
high current density beams with minimal spread in
angles.
A brief outline of the experimental results
discussed above is given in Table I, and the next
section reviews the various models which have been
proposed to deal with these observations.
3. THEORETICAL MODELS
As one can readily see from the above discussion,
the experimental observations present a somewhat
consistent general picture of the ion acceleration
process, but the details do not lend themselves to
simple models. Thus far, there has been no
attempt to rigorously cope with these details in all
of the experiments, but there have been at least
four different models advanced to explain some of
the observations.
The first of these was presented in 1969 by
Rostoker28 and was mentioned briefly at the same
time by Plyutto et al. 5 This model involves a
one-dimensional space-charge wave caused by an
intense electron beam which is stopped in a vacuum
by its own space charge (Fig. 8). The resultant
potential barrier of height equal to the electron
kinetic energy, is of length c/OJp giving fields of
1 MeV/cm. This wave will advance at a velocity
equal to cjOJp 7: i where 7: i, the charge neutralization
time, is governed by collisional ionization. Such a
space charge neutralization wave would therefore
have the rather slow velocity of at most 108 cm/sec.
Rostoker argued that such a.well would accelerate








FIG. 8. One-dimensional space-charge wave at
beam head (Rostoker-Plyutto).
because either precursor radiation or a low current
of high energy electrons precedes the main portion
of the beam pulse, and effectively shortens 1: i, as
the wave propagates. Since these ionization
processes are not necessarily related directly to the
existence of the ions that are to be accelerated,
the Coulomb attraction between the regions of
negative and positive charge enhancement could
easily become greater or less than the wave accelera-
tion, thereby cutting off the acceleration process.
The major deficiency of this straightforward model
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Drift Chamber
FIG. 9. One-dimensional space-charge wave
within beam (Uglum and Graybill).
model, the acceleration process would not be
connected to the existence of the ions and hence,
not self synchronizing.
One of the most important features of the Uglum
model is that the beam must propagate efficiently
the full length of the drift chamber so that the
back of the potential well can be accelerated into a
region of incompletely neutralized space charge.
As we saw above, this is not the case for the P111 - 16
or M_P_K6 ,7 results, where the beam front velocity
appears to be determined by the ion velocity.
Putnam31 ,32 adopted a different point of view,
suggesting that the acceleration process was a
result of a localized constriction of the beam
(Fig. 10). This constriction occuried when radial
neutralization was achieved as a resuIt of collisional
ionization of the background gas. This localized
pinch created an electron density enhancement
at the forward edge of the ion bunch near
the anode. Because the existence of the ions
themselves is required to cause the beam envelope
collapse, the process is self synchronizing with the
localized pinch accelerating in phase but slightly
ahead of the ion bunch. Although the pinching of
the beam envelope is suggested to be an instability,
supporting analysis has not been presented as yet,
and there have been no direct observations of a
rapidly propagating localized pinch in an experi-
ment where ions are accelerated.
ne(t=tl+~t)
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is that it allows for acceleration at only the head of
the beam, and not within the beam as suggested by
most of the experiments.
Plyutt05 as well as Eastlund and Wachtel29
suggested that Veksler's original coherent accelera-
tion mechanism was operative in the beam plasma
interaction experiments. Plyutto noted that an
ion cluster would have to be formed in order to
have coherent acceleration, with the force on the
bunch proportional to the square of the number
of ions in the bunch. The bunch dimension would
have to be smaller than both the Debye radius and
the dominant wavelength of the plasma instabilities.
This would require that 1011_1012 ions be contained
within a sub-millimeter bunch. If the cluster could
be formed. (he did not specify the mechanism),
then an accelerationfield of 0.2 MVIcmwould result.
Such a model would predict. ion energies pro-
portional to the square of the total charge in the
ion bunch, and as such would predict that the ion
energy would decrease strongly as the total number
of ions accelerated decreased. G-U, on the other
hand, observed that the deuteron energy almost
doubled by increasing the background pressure
from 100 Il to 200 Il while the neutron yield, and
therefore total number of accelerated ions, de-
creased. 10 Other observations from propagating
beams, such as the nonreproducibility from shot to
shot, the narrow energy spread on a given shot,
the initiation of acceleration at the time of initial
force neutralization, and the termination of
acceleration at a certain length, are all difficult to
explain within the framework of coherent accelera-
tion. Nevertheless, one cannot rule out the
possibility that coherent effects play some role
within the tightly pinched beams that coexist with
the ion acceleration process.
Uglum et al. 30 after observing ion acceleration
with low vir beams (which had a front velocity of
0.3 c-0.5 C)9 also represented a one-dimensional
space charge model which could explain ion
acceleration behind a rapidly propagating beam
front (Fig. 9). They suggested that before charge
neutralization could occur, avalanche breakdown
would provide the dominant ionization mechanism
and thereby define the back of the well in whic.h
the ions are accelerated. The velocity of such an
avalanche breakdown wave cannot be determined






FIG. 10. Two-dimensional localized pinch within
high v/y beam (Putnam).
Putnam also considered the possible explanation
for the termination of the acceleration process,
and suggested that the ions are depleted behind the
ion bunch, producing another region of negative
charge enhancement. This virtual cathode cuts
off the electron supply to the pinch which is ahead
of the bunch. After this virtual cathode is formed,
the ions then continue to propagate at their
terminal velocity achieved at the time when the
pinch disappeared. The bunch would be charge
neutralized by the electron concentration which
would move in phase with the ion bunch. As in
all collective schemes, once the center of negative
charge catches up with and neutralizes the center
of positive charge, the acceleration process termi-
nates.
As we have seen, there are some data to confirm
the existence of such a localized pinch at a time
when a critical ratio of electron density to ion
density is achieved. It is also interesting to note
that such a localized pinch is similar to Kovrizhnyk's
proposed acceleration technique, except that the
moving well is generated by the intense beam itself.
4. CONCLUSION
In a pragmatic sense, the most important
conclusion from the above discussion is that
collective ion acceleration in intense electron beams
has been observed. Accelerating fields greater
than 1 MV/cm have been observed with ion
energies proportional to charge up to at least N+ 6 •
The obvious question is whether or not the accelera-
tion length can be extended to meter distances. In
spite of what may appear to be an extensive
collection of data with diodes as well as drifting
beams, there is still much room for speculation as
to the actual physics of the acceleration process.
The first order of business is therefore to more
fully define the· important processes, and then
proceed to extend them.
Preliminary .attempts at this were carried out at
PI, but were not conclusive.16 In those experiments,
beams were injected first into pre-ionized plasmas
and separately into neutral gases with strong
longitudinal magnetic fields. In the two cases, the
intention was to eliminate the possibility of a
localized pinch while permitting acceleration via
coherent and longitudinal space charge processes,
respectively. Although no ion acceleration was
observed for these two cases, the results were
compromised by null results with the same appa-
ratus and neutral gas propagation alone. The
only difference between these low pressure neutral
gas experiments and previous work was that the
beam was injected into an insulating rather than a
metal drift chamber, thereby altering the ionization
process at the beam head. Those experiments
should obviously be repeated within a metallic
chamber and if they support the pinch model, then
direct observation of such a pinch should be
attempted using optical techniques. If the existence
of a traveling localized pinch arid its role in ion
acceleration are confirmed, then attempts should
be made to define the dominant effects which
determine the acceleration cut-off.
As Putnam suggested, the major problem may be
that of insufficient ion density behind the bunch.
Additionally, enhanced ionization produced by
precursor radiation ahead of the bunch, may pro-
vide excessive ion density which terminates the
acceleration length. What may be necessary is
external control of the ion supply within the drifting
beam and a method of stabilizing the velocity of the
pinch without completely eliminating it. This might
be done by injection of ions from an external source,
by creation of a density gradient within the drift
region, or by application of a weak longitudinal
magnetic field to somewhat limit the degree of
beam constriction. In these ways, one would hope
to control the velocity of the localized pinch
region and permit the intense beam to continue to
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feed electrons into this constriction ahead of the ion
bunch.
If the process is a result of coherent acceleration,
then an optimum geometry would involve a high
current density, but low vi,,; beam. Such a beam
could be propagated in vacuum using a strong
longitudinal magnetic field. 'The beam would
stream past an ion bunch injected into the vacuum
region at the anode. As suggested by Tsytovich33
such a bunch might be created as a dense electron
ring.
The last possibility discussed above, and there
will probably be others as research continues-
namely, an accelerating space charge wave, might
be enhanced by providing external control of the
beam front velocity. This could be done with a
static magnetic field with an appropriately pre-set
longitudinal gradient. The beam head would first
be decelerated in an increasing field to pick up ions
in the well and then accelerated in a decreasing field.
In this way the beam head acceleration could be
kept in phase with the collective ion acceleration.
In recent years there have been several review
papers17 ,34,35 and this paper only serves to enhance
the ratio of reviews to original work. Hopefully,
the near future will show a predominance of new
work in this field which has such exciting potential
and so many unanswered questions.
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